The genus Nectria is typified by N. cinnabarina, a wood-inhabiting fungus common in temperate regions of the Northern Hemisphere. To determine the diversity within N. cinnabarina, specimens and cultures from Asia, Europe, and North America were obtained and examined. Their phylogeny was determined using sequences of multiple loci, specifically act, ITS, LSU, rpb1, tef1, and tub. Based on these observations, four species are recognised within the N. cinnabarina complex. Each species is delimited based on DNA sequence analyses and described and illustrated from specimens and cultures. The basionym for N. cinnabarina, Sphaeria cinnabarina, is lectotypified based on an illustration that is part of the protologue, and an epitype specimen is designated. Nectria cinnabarina s. str. is recircumscribed as having 2-septate ascospores and long stipitate sporodochia. Nectria dematiosa, previously considered a synonym of N. cinnabarina, has up to 2-septate ascospores and sessile sporodochia or no anamorph on the natural substrate. A third species, Nectria nigrescens, has up to 3-septate ascospores and short to long stipitate sporodochia. One newly described species, Nectria asiatica with a distribution restricted to Asia, has (0-)1-septate ascospores and short stipitate sporodochia. Young and mature conidia developing on SNA were observed for each species. Mature conidia of N. asiatica, N. cinnabarina, and N. nigrescens but not N. dematiosa bud when the mature conidia are crowded. On PDA the optimal temperature for growth for N. dematiosa is 20 °C, while for the other three species it is 25 °C. Based on our phylogenetic analyses, three subclades are evident within N. dematiosa. Although subtle culture and geographical differences exist, these subclades are not recognised as distinct species because the number of samples is small and the few specimens are insufficient to determine if morphological differences exist in the natural environment.
INTRODUCTION
Nectria cinnabarina is the type species of the genus Nectria (Hypocreales, Nectriaceae). This species is characterised by red, globose, fleshy, warted perithecia that often become cupulate upon drying, 0-3-septate ascospores, and an anamorph referred to as Tubercularia vulgaris (Rossman et al. 1999) . Nectria cinnabarina is a relatively common species that occurs on a range of hardwood trees and woody shrubs throughout the temperate regions of the Northern Hemisphere. It is occasionally considered to be a plant pathogen causing a disease on apple and other hardwood trees known as "coral spot" because of the pinkish sporodochia of its Tubercularia anamorph (Sinclair & Lyon 2005) .
Nectria cinnabarina was originally described as Sphaeria cinnabarina by Tode (1791) . When Fries (1849) sanctioned Sphaeria cinnabarina, he transferred this name to Nectria. Nectria cinnabarina was designated the lectotype species of the genus by Clements & Shear (1931) . Nectria was conserved with this type species over Ephedrosphaera and Hydropisphaera (Cannon & Hawksworth 1983) .
In studying the species of Nectria in the UK, Booth (1959) emphasised perithecial wall structure when he divided the large genus into groups. He included three species in what he referred to as the Nectria cinnabarina group: N. cinnabarina, N. aurantiaca, and N. ralfsii. When Rossman (1989) and Rossman et al. (1999) restricted Nectria s. str. to species congeneric with N. cinnabarina, they included N. aurantiaca and other species with a similar perithecial wall structure in Nectria s. str. Nectria ralfsii is now regarded a species of Bionectria, B. ralfsii (Schroers 2001) .
Because of its morphological heterogeneity, 20 varieties and forms of Nectria cinnabarina exist as well as numerous synonyms. Wollenweber (1926 Wollenweber ( , 1930 recognised three varieties of N. cinnabarina. Nectria cinnabarina var. minor was distinguished from the type variety by its smaller ascospores and conidia, while Nectria cinnabarina var. dendroidea has remarkably long, stipitate sporodochia. Nectria cinnabarina var. ribis (≡ N. ribis) was said to have larger ascospores and conidia than the other two varieties. Jøgensen (1952) published a monograph on N. cinnabarina and suggested that Nectria ribis was a "nomen confusum", being a mixture of N. cinnabarina and N. berolinensis. Despite detailed observations, he did not find differences among specimens of N. cinnabarina; however, he noted differences between specimens on non-Ribes hosts and those on Ribes that he recognised as N. cinnabarina var. ribis.
Tubercularia (Tode 1790) includes anamorphs of several species in the Nectria cinnabarina group (Booth 1959 , Rossman 1983 . Tubercularia, conserved based on T. vulgaris, was segregated from fungi with black sporodochia by Fries (1832). Saccardo (1886) divided species of Tubercularia into four groups based on differences in substrate; however, his taxonomic concept was revised by Paoletti (1887) who emphasised the acropleurogenously developing phialides. Petch (1940) organised and revised the British records of Tubercularia. Seifert (1985) provided a thorough account of Tubercularia accepting eight species including T. vulgaris with many synonyms. Although Tode (1790, 1791) described and illustrated both Sphaeria cinnabarina and Tubercularia vulgaris, he did not recognise their relationship as states of one species. Later, Fries (1828) determined that these were the sexual and asexual states of the same species. Modern authors have confirmed that N. cinnabarina and T. vulgaris are manifestations of the same species (Seifert 1985 , Rossman 1989 .
A morphological and phylogenetic revision of the Nectria cinnabarina species complex
Nectria cinnabarina is commonly regarded as a saprobe; as mentioned above, it sometimes causes cankers on hardwood trees and woody shrubs. The parasitic occurrence of N. cinnabarina was first reported by Mayr (1883) , who considered this species to be parasitic on Acer, Aesculus, Prunus, Robinia, Spiraea, Tilia, and Ulmus. Many hardwood trees and woody shrubs around the world have been reported as hosts for N. cinnabarina (Sinclair & Lyon 2005) . Jøgensen (1952) demonstrated that N. cinnabarina was a facultative parasite and saprobe, but could not differentiate pathogenic races. He mentioned the following genera as the most common hosts of N. cinnabarina in Denmark: Acer, Aesculus, Carpinus, Fagus, Fraxinus, Malus, Prunus, Ribes, Tilia, and Ulmus. Similarly the anamorph has been commonly reported on woody substrates in many plant families (Seifert 1985) .
Based on our hypothesis that Nectria cinnabarina is heterogeneous and might comprise several species, detailed morphological and molecular phylogenetic analyses of this species were undertaken. Many isolates of freshly collected and herbarium specimens from around the world were analysed to define phylogenetic species within the N. cinnabarina species complex (NCSC). Each species is described and illustrated and a key is provided.
MATERIALS AND METHODS

Source and deposition of specimens and isolates
Fresh specimens of the teleomorph and anamorph were collected from which single ascospores or conidia were isolated. Specimens are deposited in the US National Fungus Collections (BPI), Beltsville, Maryland, USA, or elsewhere as indicated in Table 1 . Specimens were also obtained from other herbaria as listed in the specimens examined; herbaria are indicated using abbreviations according to Holmgren & Holmgren (1998) . To obtain cultures from fresh material, a suspension in sterilised water was made from ascospores or conidia from a crushed fruiting body, streaked onto 2 % (w/v) water agar (WA) with streptomycin (streptomycin sulfate; Sigma Chemicals, St. Louis, Missouri, USA) or Difco™ cornmeal dextrose agar (CMD; Difco, Detroit, Michigan, USA, cornmeal agar + 2 % w/v dextrose) supplemented with antibiotics 0.2 % each neomycin (neomycin trisulfate salt hydrate; Sigma Chemicals, St. Louis, Missouri, USA), and incubated at 25 °C. After 24 h, a single germinating ascospore or conidium was transferred directly to slants or plates of Difco™ potato dextrose agar (PDA) with a tungsten needle (Nissin EM Co., Tokyo, Japan). Representative isolates are preserved at the CBS Fungal Biodiversity Centre (CBS, Utrecht, Netherlands), and/or Genebank, National Institute of Agrobiological Sciences (NIAS, Tsukuba, Ibaraki, Japan). Isolates were also obtained from other culture collections, including the CBS Fungal Biodiversity Center and the Global Bioresource Center (ATCC, Manassas, Virginia, USA). 
Species
Morphological observations
For morphological characterisation of the teleomorph, the macromorphology of the perithecia and stroma was observed and described as follows: distribution of perithecia on the host; perithecium shape, colour and reaction to 3 % w/v potassium hydroxide (KOH) and 100 % lactic acid (LA) using a stereoscope (Zeiss, STEMI SV11, Jena, Germany). To observe internal and microscopic characteristics, the perithecia and stroma were sectioned by hand and rehydrated in water, KOH, and LA. Characteristics of asci and ascospores were observed by rehydrating the perithecia in water, removing part of the centrum with a fine glass needle, and placing it onto a glass slide. Microscopic observations were made using a compound microscope (Zeiss, Axioskop 2 Plus, Jena, Germany). To determine growth rates, colony colour, and odour, isolates were grown on PDA in 9-cm plastic dishes at 25 °C for 7 d in the dark. For observation of sporulating structures, the cultures were grown on a low nutrient agar (SNA; Nirenberg 1976) . Cultures on SNA were incubated at 25 °C with alternating 12 h/ 12 h fluorescent light/darkness for 2-3 wk. Young conidia are those that develop after one or two d on SNA while mature conidia are 4-5 d old. To stimulate budding, mature conidia produced on SNA were suspended in distilled water and then streaked on SNA. After 24 h, budding mature conidia and germ tubes were produced. Images were captured with a Nikon DXM1200 digital camera. Some composite images were made with Helicon Focus v. 4.21.5 Pro (Helicon Soft, www.heliconfocus.com). All recognition of colour such as perithecia, ascospores, conidia, and top and reverse colony colour were described according to Kornerup & Wanscher (1978) .
Statistical analysis
Measurements of continuous characters such as length and width were made using Scion Image software beta v. 4.0.2 (Scion Corporation, Frederick, Maryland, USA) and are based on up to 50 measurements for structures in each isolate. For morphological structures, descriptive statistics (minimum, mean, median, maximum, and standard deviation) were computed and variation of morphological characters displayed graphically using mean values and their corresponding 95 % confidence intervals. All computations were performed using Systat 10 (Systat Software, San José, California, USA). Only isolates for which all data were available were included in the analysis. Ranges are reported as mean values ± one standard deviation; the number of items measured is given in parentheses together with maximum and minimum. 
Cardinal temperatures
DNA extraction, PCR, and sequencing
The forty-five cultures of N. cinnabarina used in the phylogenetic analyses ( Table 1 ) and representatives of other species of Nectria s. str. were grown in Difco™ potato dextrose broth in 6 cm diam Petri plates for about 3 wk. Mycelial mats were harvested in a laminar flow hood and dried with clean, absorbent paper towels. DNA was extracted with Ultra Clean™ Plant DNA Isolation Kit (MO BIO Laboratories Inc., Solana Beach, California, USA). Six loci were sequenced, namely a-actin (act) (Carbone & Kohn 1999) , β-tubulin (tub) (O'Donnell & Cigelnik 1997) , RNA polymerase II subunit one (rpb1) (Castlebury et al. 2004) , the internal transcribed spacer (ITS) (White et al. 1990 ), large subunit nuclear ribosomal DNA (LSU) (Vilgalys n.d.) , and translation elongation factor 1-a (tef1) (Carbone & Kohn 1999 , Rehner 2001 
Phylogenetic analyses
Sequences of the six genes were aligned with MAFFT v. 6 (Katoh 2008 ) and the alignment was visually improved with Mesquite v. 2.6 (Maddison & Maddison 2009) . Maximum likelihood (ML) and Bayesian (BI) analyses were carried out with all sequences, first each locus separately, then with the combined/concatenated data sets. Representative members of the Nectriaceae, namely Cosmospora coccinea, Cyanonectria cyanostoma, and Thelonectria westlandica, were used as outgroups for inferring intrageneric relationships (Fig.  1) . Nectria balansae, N. pseudocinnabarina, and N. pseudotrichia were used as outgroup taxa for the NCSC tree, including 45 isolates in the NCSC (Fig. 2) . JMODELTEST (Posada 2008 ) was used to calculate the models of nucleotide substitutions of each gene/ partition for the ML and BI analyses. The number of substitution schemes was set to 11, base frequencies +F, rate variation +I and +G, and the base tree for likelihood calculations was set to "ML Table 2 . Genes/loci used in the phylogenetic analyses for members of the genus Nectria. Information on the primers, base pairs, PCR protocols, and models of nucleotide substitution are indicated. Table 3 . Genes/loci used in the phylogenetic analyses for members of Nectria cinnabarina species complex (NCSC). Information on the primers, base pairs, PCR protocols, and models of nucleotide substitution are indicated. optimised". 88 models were compared. After the likelihood scores were calculated, the models were selected according to the Akaike information criterion (AIC) (Posada & Buckley 2004) . Under the AIC settings, the AICc corrected for smaller samples was selected. After jMODELTEST was run, likelihood settings for trees of the Nectria tree and NCSC tree were set to each gene (Tables 2, 3 ). For the ML and bootstrap analyses (BP), GARLI version 0.96 (Zwickl 2006) was computed through the Grid computing (Cummings & Huskamp 2005) and The Lattice Project (Bazinet & Cummings 2008) , which includes clusters and desk tops in one integrated network (Myers et al. 2008) . In GARLI, the starting tree was made by stepwiseaddition and the number of runs or search replicates was set to 50. 2000 ML BP replicates were done in GARLI with the starting tree chosen randomly. Bayesian analysis (BI) was done using MrBayes v. 3.1.2 (Huelsenbeck et al. 2001 (Huelsenbeck et al. , 2002 . In MrBayes, data were partitioned by locus and the parameters of the nucleotide substitution models for each partition were set as described (Tables  2, 3 ). For this analysis, two independent analyses of two parallel runs and four chains were carried out for 5 000 000 generations using MrBayes. Analyses were initiated from a random tree and trees sampled every 100 th generation. The first 20 % of the resulting trees were eliminated (= "burn in"). A consensus tree ("sumt" option) and posterior probabilities (PP) were calculated in MrBayes, which combines the results from both parallel runs. A reciprocal 70 % BP threshold was used to detect topological incongruence among genes/partitions (Mason-Gamer & Kellogg 1996 , Reeb et al. 2004 .
Locus Primers used (reference)
RESULTS
Phylogenetic analyses
Sequencing and alignment of the six loci for 23 taxa in Nectria resulted in 3 673 base pairs, 807 (22 %) phylogenetically informative, and 2 592 invariable sites; 325 sites presented unique non-informative polymorphic sites (Table 2 ). Sequencing and alignment of the six loci for 48 taxa for the NCSC tree included 3 914 base pairs, 460 (12 %) phylogenetically informative, and 3 087 invariable sites; 325 sites presented unique non-informative polymorphic sites (Table  3) . Ambiguously aligned and poly-T/A regions were excluded from the analyses. For the species of Nectria, the ML and BI analyses of the combined six loci produced one tree with Ln likelihoods of -21393.478926 and −21514.704, respectively ( Fig. 1 ). For the NCSC tree, ML and BI analyses produced one tree with Ln likelihoods of -11339.862470 and −11408.155, respectively (Fig.  2) . The topologies of the ML and BI trees were congruent.
The topologies of each gene tree did not contradict each other, although the tef1 tree does not include N. asiatica (results not shown). All individual gene trees reveal three clades in N. dematiosa species complex. Among these trees, the act tree provides the best resolution with best BP support as evidenced in the high BP and PP support in most nodes.
The combined ML and BI analyses of six loci indicated that Nectria comprises two major clades: species with Tubercularia anamorphs (0.73 BI PP, 52 % ML BP) and species with pycnidial anamorphs (1.00 BI PP, 100 % ML BP) (Fig. 1 ). All isolates initially identified as N. cinnabarina formed a monophyletic NectriaTubercularia clade supported by high BI PP and ML BP value (1.00 BI PP, 100 % ML BP). 
MorpHology and pHylogeny of Nectria ciNNebariNa
The combined ML and BI analyses of six loci using 45 isolates of the NCSC resolved four distinct species (Fig. 2) . One major clade (clade II) included three species with high support (BI PP 0.96, ML BP 75 %). One of the species in clade II represents N. cinnabarina s. str. and includes the ex-epitype isolate from a hardwood tree in Europe with isolates on hardwoods in Europe and North America. Nectria cinnabarina s. str. is highly supported (BI PP 1.00, ML BP 100 %). A second segregate species occuring only in Asia is here described as a new species, N. asiatica. This species was supported by moderate values (BI PP 0.69, ML BP 80 %). A third species is recognised as N. nigrescens, previously considered a synonym of N. cinnabarina.
Nectria nigrescens also occurs on hardwoods in Europe and North America. This species is highly supported (BI PP 1.00, ML BP 99 %). A fourth segregate species, recognised as N. dematiosa (clade I), a previous synonym of N. cinnabarina, constitutes a sister clade to clade II. Within N. dematiosa, three subclades are highly supported (BI PP 1.00, ML BP 97 % for subclade A; BI PP 1.00, ML BP 100 % for subclade B; and BI PP 0.96, ML BP 80 % for subclade C). However, clades I was poorly supported (BI PP 0.62, ML BP 54 % for clade I) (Fig. 2) . Nectria dematiosa subclade A is known from Europe and North America, N. dematiosa subclade B is representated by two isolates from Canada, while N. dematiosa subclade C is known only from Asia. 
Morphological, colony growth, and temperature analyses
Morphological characters of the teleomorph and anamorph in the natural environment and cultural characteristics are useful in distinguishing species in the NCSC. Perithecial characters, such as colour, surface, and wall cell structure, are generally reliable for identifying the species complex, but not the segregate species. The perithecial wall surface of species in the NCSC is roughened, with conspicuous to small warts, 10-20 μm high, rarely smooth. In all species of the NCSC, the perithecial walls are about the same thickness and cell walls form similar textura globulosa or t. angularis; thus, perithecial wall structure is not useful in distinguishing species. Differences in ascospore septation correlate with phylogenetic species recognised in the NCSC. Nectria asiatica has up to 1-septate ascospores, N. cinnabarina and N. dematiosa have up to 2-septate ascospores, and N. nigrescens has up to 3-septate ascospores. The size ranges of ascospores in the four species overlap. However, in comparing 95 % confidence intervals of length/width ratios of ascospores on natural substrate, those of N. asiatica are greater than the other species while those of N. cinnabarina on Ribes are less than the other species (Fig. 3) .
Anamorph characters on natural substrate, especially presence or absence and length of the stipe of the sporodochia, are useful in distinguishing species. A distinction is made here between sporodochia that are astipitate i.e. lack any kind of stipe and sporodochia that are stipitate having a short stipe, less than 800 μm high, or a long stipe, 700-1600 μm high. The sporodochia of N. dematiosa are astipitate. In clade II, which includes N. cinnabarina, N. asiatica, and N. nigrescens 
MorpHology and pHylogeny of Nectria ciNNebariNa
Additional morphological characteristics of the anamorph were also evaluated. These characteristics include the number of conidiophore branches and conidial size in the natural environment. No differences were found between species. The sizes of conidia among the four species overlap; however, in comparing 95 % confidence intervals of length/width ratios of conidia on natural substrate, those of N. asiatica are larger than other members of the NCSC (Fig. 3) .
The optimal temperature for growth on PDA for N. dematiosa is 20 °C while that for N. asiatica, N. cinnabarina, and N. nigrescens is 25 °C (Fig. 4) . In macroscopic appearance these colonies look similar. Conidia produced in culture show differences that correlate with species. The size of conidia varies considerably when grown on different media (CMD, PDA, and SNA). On SNA conidia were classified into two types, namely young and mature conidia. Mature conidia appear after 3 to 4 d and are defined by extreme swelling to twice their original size, becoming 1-septate, often including vacuoles. The 95 % confidence interval of length/width ratios of young conidia in culture of N. asiastica was larger than that of other species of the NCSC (Fig. 3) . By observing mature conidia on SNA, we could distinguish species in the NCSC. Mature conidia of N. cinnabarina budded abundantly while those of N. asiatica and N. nigrescens rarely budded. Mature conidia of N. dematiosa did not bud at all. In evaluating the 95 % confidence intervals of length/width ratios of mature conidia in culture, N. cinnabarina, N. dematiosa subclade B, and N. nigrescens were smaller than other members of the NCSC. Each subclade in N. dematiosa can be distinguished by the morphology of the anamorph in culture. Mature conidia of subclade A produced almost straight germ tubes that do not penetrate the agar immediately, while mature conidia of subclades B and C produced sinuous germ tubes that penetrate the agar after germination. The 95 % confidence interval of length/ width ratio of mature conidia of subclade B was statistically different from subclades A and C (Fig. 3) . On PDA at 25 °C for 7 d, subclade B grew more slowly than subclades A and C (Fig. 4) .
In summary, clades I includes N. dematiosa with subclades A, B and C. This species is characterised by ascospores that are generally 1-septate, rarely 0-or 2-septate, sessile sporodochia or anamorph lacking, mature conidia that do not bud, and an optimum growth temperature of 20 °C on PDA. Clade II includes N. asiatica, N. cinnabarina and N. nigrescens, all of which have short to long stipitate sporodochia, mature conidia that bud, although sometimes only rarely, and an optimum growth temperature of 25 °C on PDA. Nectria cinnabarina has 1-septate, rarely 0-or 2-septate ascospores, long stipitate sporodochia, and mature conidia that bud abundantly. Nectria asiatica has 1-septate, rarely 0-septate ascospores, short stipitate sporodochia, and mature conidia that seldom bud. Nectria nigrescens has 1-, 2-, or occasionally 3-septate ascospores, short to long stipitate sporodochia, and mature conidia that bud infrequently.
TAXONOMY
Based on our morphological and molecular analyses, the N. cinnabarina species complex is recognised as four distinct species, each of which is described and illustrated below. A key to these four species is provided. Anamorph on natural substrata: Stromata erumpent through epidermis, orange to red. Sporodochial conidiomata with stipe, superficial on well-developed stroma, smooth or cerebriform, scattered, solitary, or 2-4 gregarious, stipitate,, pustular, discoid or cylindrical-capitate, up to 250-800 mm high including stipe, 300-2000 mm diam, chestnut to black, sometimes whitish yellow to orange; stipe chestnut to black, sometimes dark green, up to 440-610 mm wide; stipe cells almost textura angularis, continuous with stroma, usually with wider cells in centre. Hymenium arising directly from textura prismatica, elongating from textura angularis, up to 110 μm long, of cells 2.0-7.0 μm wide, without curved margin. Conidiophores monoverticillate or rarely bi-verticillate, then developing acropleurogenously for 3-6 levels, strongly coiled, hyaline, rarely slightly pale green. Phialides intercalary, occurring below each septum, rarely terminal; intercalary phialides monophialidic, up to 3.5-7.5 μm long, 1.5-2.5 μm wide; terminal cells monophialidic, sometimes sterile, without collarettes. Conidia hyaline, narrowly long ellipsoidal to cylindrical, straight or slightly curved, non-septate, (4.5-)5.5-7.5(-9.5) × (1.0-)2.0-2.5(-3.0) μm (n = 258), smooth-walled.
Nectria asiatica
Anamorph in culture:
Optimum temperature for growth on PDA 25 °C, maximum temperature 30 °C; after 7 d at 25 °C colonies 40-75 mm diam (average 51 mm). Colony surface on PDA radiating sometimes wavy, slightly cottony with aerial mycelium, white to whitish saffron; aerial mycelium developing in a few isolates (CBS 125151, MAFF 241448); after 3 wk abundant white to whitish yellow sporodochial conidial masses produced; reverse white to slightly whitish yellow. Odour on PDA slightly fruity. Sporulation on SNA from lateral phialidic pegs on submerged or aerial hyphae, 3.0-5.0 μm long, 1.5-2.5 μm wide at base. Aerial conidiophores developing abundantly on aerial hyphae, unbranched, sometimes verticillate, rarely ellipsoidal with slightly constricted centre, smooth, straight or slightly curved, rounded at both ends, germinating or budding mature conidia (7.0-)11.5-17.5(-25.5) × (3.0-)3.5-4.5(-6.0) μm (n = 168). Chlamydospores and perithecia not produced in culture.
Distribution: Asia (China, Japan).
Habitat: On dead woody substrata, known in this study from Acer sp., Betula lutea, Prunus sp., Sorbus commixta, and Zelkova serrata. Specimens Notes: Nectria asiatica is known only from China and Japan, a range it shares with N. dematiosa subclade C. To differentiate these species, it is necessary to consider morphological characters of both the teleomorph and anamorph. Nectria asiatica has up to 1-septate ascospores (Fig. 5F ) and budding mature conidia on SNA (Fig. 5Q, R) while N. dematiosa subclade C has up to 2-septate ascospores (Fig. 7E ) and mature conidia that do not bud on SNA (Fig. 7R-W ). In addition, N. asiatica has an optimal temperature for growth of 25 °C on PDA while N. dematiosa including subclade C has an optimal temperature for growth of 20 °C on PDA (Fig. 4) . Although N. cinnabarina and N. nigrescens also produce budding mature conidia, N. asiatica forms up to 1-septate ascospores and stipitate sporodochia shorter than the former two species. Hara (1918) described Nectria cinnabarina f. stromaticola on Dothichiza sp. (Dothioraceae, Dothideales) in Japan. He did not mention a type specimen and one could not be located. Based on his original description, this species had superficial, red, warted perithecia, asci with eight ascospores, and 1-septate ascospores. No anamorph was mentioned; however, it seems possible that the black stroma of the Dothichiza sp. listed as the substrate was actually the dark sporodochia of a Tubercularia anamorph. Most specimens of N. asiatica collected in Japan have chestnut to black sporodochial conidiomata. Because no type specimen could be located, we do not consider Nectria cinnabarina f. stromaticola to be a synonym of N. asiatica.
One isolate (MAFF 241400) is phylogenetically distinct from the other isolates of N. asiatica; however, the BI posterior probabilities and ML bootstrap values are not high enough to clearly segregate this strain from N. asiatica (0.69 BI PP, 80 % ML BP) (Fig. 2) . In addition, the specimen of this isolate forms up to 1-septate ascospores, short stipitate sporodochia, and ellipsoidal, budding mature conidia with slightly constricted centres, morphological characteristics typical of N. asiatica. Based on these morphological and molecular phylogenetic analyses, we include MAFF 241400 in N. asiatica. Anamorph on natural substrata: Stromata erumpent through epidermis, pale yellow to orange, rarely reddish brown. Sporodochial conidiomata with stipe, superficial on well-developed stroma, smooth, cerebriform, or tubercularoid, scattered, solitary or 2-4 gregarious, stipitate, pustulate, discoid, or cylindrical-capitate, up to 700-1600 mm high including stipe, 300-2500 mm wide, white, whitish yellow to orange, sometimes darker red. Stipe white to whitish red, rarely darker red, up to 250-600 mm wide, solitary or 2-6 gregarious; stipe cells almost textura angularis, continuous with stroma, usually with wider cells in centre. Hymenium arising directly from textura prismatica, elongating from textura angularis, up to 150 μm long, of cells 2.5-5 μm wide; in stipitate forms marginal cells arranged in a palisade as described above for surface of stroma; curved margin, up to 100 μm long, of parallel hyphae 1.5-2.5 μm wide. Conidiophores monoverticillate or rarely bi-verticillate, then developing acropleurogenously for 3-10 levels, straight, curved. Phialides intercalary, occurring below each septum, or rarely terminal; intercalary phialides monophialidic, up to 3-9 μm long, 1.5-2 μm wide; terminal cells monophialidic, sometimes sterile, no collarettes. Conidia hyaline, narrowly long ellipsoidal to cylindrical, straight or slightly curved, non-septate, (4.0-)5.2-7.0(-8.5) × (1.3-) 1.9-2.7(-3.4) μm (n = 355), smooth-walled. 
Anamorph in culture:
Optimum temperature for growth on PDA 25 °C, maximum temperature 30 °C. After 7 d at 25 °C, colonies 60-85 mm (average 73 mm) diam. Colony surface radial, sometimes wavy, slightly cottony with aerial mycelium, white to whitish saffron; aerial mycelium developed, in some isolates (A.R. 4338, CBS 127668, CBS 125154, CBS 125157, CBS 125165) abundant, white to whitish yellow sporodochial conidial masses produced after 2 wk; reverse white to slightly whitish yellow. Odour on PDA slightly fruity. Sporulation on SNA from lateral phialidic pegs common, 1.5-4.5 μm long, 1.0-1.5 μm wide near aperture. Aerial conidiophores abundantly formed, unbranched, sometimes verticillate, 1-3 branched, becoming loosely to moderately densely branched, 5.5-38.0 μm long, 2.0-3.5 μm wide at base. Conidiogenous cells monophialidic, cylindrical and slightly tapering toward tip or narrowly flask-shaped with widest point in middle, 5-22 μm long, 2.0-3.2 μm wide at base. Young conidia formed from monophialides on submerged or aerial hyphae, formed abundantly on slimy heads or sporodochia, ellipsoidal, oblong to cylindrical, hyaline, smooth, straight or slightly curved with round at both end, non-septate, (3.0-) 5.5-9.0(-15.0) × (1.5-)2.0-3.0(-3.5) μm (n = 764), smoothwalled. Mature conidia swollen, mostly 0-, rarely 1-septate, allantoid, oblong, ellipsoidal, or ellipsoidal with strongly constricted centre, hyaline, smooth, straight or slightly curved, rounded at both ends, germinating and budding on media, (5.5-) Notes: Nectria cinnabarina is the type species of the genus Nectria. Tode (1791) described and illustrated the superficial, red, warted perithecia and 1-septate ascospores, but did not mention any detailed morphology of perithecial wall structure or stroma. Because the type specimen was lost, the name Sphaeria cinnabarina is lectotypified by the original illustration in the copy of Tode (1791) associated with BPI. A stipitate sporodochium with perithecia at the base is clearly illustrated by Tode (1791), thus assuring the identity of N. cinnabarina. Based on Article 7.8 of the ICBN (McNeill et al. 2006) , an illustration from the protologue may serve as a lectotype, thus this lectotypification supersedes the neotypification by Rossman et al. (1999) . We here epitypify N. cinnabarina with BPI 879981, a specimen collected in France with abundant mature perithecial and anamorph structures as well as a living culture.
Nectria cinnabarina can be identified by morphological characteristics of the teleomorph and anamorph in the natural environment and in culture. On natural substrate, N. cinnabarina has up to 2-septate ascospores and long stipitate sporodochia (Fig.  6A, F-H) . Among species in the NCSC, N. cinnabarina is similar to N. nigrescens in having long stipitate sporodochia; however, N. nigrescens is distinct in having up to 3-septate ascospores. Unlike N. asiatica, N. dematiosa, and N. nigrescens, N. cinnabarina is distinguished in culture by abundant budding mature conidia that are ellipsoidal and strongly constricted in the centre (Fig. 6O, P 3-5.7(-6.4 ) μm (n = 150); subclade A: (12.6-)13.9-16.9(-18.5) × (3.4-)3.9-4.9(-5.3) μm (n = 30); subclade B: (13.6-)14.7-17.9(-20.5) × (3.8-)4.7-5.7(-6.4) μm (n = 60); subclade C: (12.6-)14. 3-18.9(-22 .2) × (3.2-)4. 3-5.7(-6 .2) μm (n = 60).
Anamorph on natural substrata: Stromata erumpent through epidermis, orange to red. Sporodochial conidiomata without stipe, superficial on well-developed stroma, smooth, cerebriform or tubercularoid, scattered, solitary, rarely caespitose, astipitate, sessile, pustular, discoid or cylindrical-capitate, up to 200-700 mm high, 250-1000 mm wide, white, whitish yellow to orange, sometimes brown. Hymenium arising directly from textura prismatica elongating from textura angularis, up to 90 μm long, of cells 2.0-7.5 μm wide, not curved at margin. Conidiophores monoverticillate or sometimes bi-verticillate, then developing acropleurogenously for 3-6 levels, straight, curved hyaline. Phialides intercalary occurring below each septum, or rarely terminal; intercalary phialides monophialidic, 2.5-8.5 μm long, 1.3-2.4 μm wide at base; terminal cells monophialidic, sometimes sterile, no collarettes, 10.5-15 μm long, 2.3-2.8 μm wide at base. Conidia hyaline, narrowly long ellipsoidal to cylindrical, straight or slightly curved, non-septate, (4.5-)5.7-7.1(-8.8) × (1.7-)2.2-2.8(-3.1) μm (n = 60). Subclade A: (4.5-)5.5-7.1(-8.8) × (2.0-)2.2-2.6(-2.9) μm (n = 30), subclade B: (5.2-)5.8-7.0(-7.8) × (1.7-)2.3-2.9(-3.1) μm (n = 30), subclade C: none present.
Optimum temperature for growth on PDA 20 °C, colonies 65-85 mm (average 70 mm) diam at 20 °C after 7 d, maximum temperature 30 °C. Colony surface on PDA, radial, sometimes wavy, slightly cottony with aerial mycelium, white to whitish saffron; aerial mycelium developing in a few isolates (CBS 125127, CBS 126570), white to whitish yellow sporodochial conidial masses produced after 2 wk; reverse white to slightly whitish yellow. Odour slightly fruity. Sporulation on SNA from lateral phialidic pegs on submerged or aerial hyphae common, 2.5-4.5 μm long, 1.5-3.0 μm wide at base. Aerial conidiophores occasionally developing on aerial hyphae, unbranched, sometimes verticillate, 1-2-branched, becoming loosely to moderately densely branched, 6.0-34 μm long, 2.1-4.5 μm wide at base. Conidiogenous cells monophialidic, cylindrical, slightly tapering toward tip or narrowly flask-shaped with widest point in middle, 8-26 μm long, 2.5-3.5 μm wide at base. Young conidia formed by monophialides on submerged or aerial hyphae, formed abundantly on slimy heads, non-septate, ellipsoidal, oblong to cylindrical, hyaline, smooth, straight or slightly curved with round at both ends, (4.1-)6.0-10. Notes: Nectria dematiosa is distinguished from other species of the NCSC by sessile sporodochia and ascospores that are up to 2-septate. Care must be taken in observing these characters, because the short stipitate sporodochia of N. asiatica and N.
nigrescens are often covered by a mass of conidia, thus appearing sessile. In addition, the 2-septate ascospores of N. dematiosa occur relatively infrequently (Fig. 7E ). Additional differences include mature conidia of N. dematiosa that never bud on SNA (Fig. 7R-W) . Finally, the optimum temperature for growth of N. dematiosa on PDA is 20 °C, while the optimum temperature for growth of N. asiatica, N. cinnabarina, and N. nigrescens is 25 °C (Fig. 4) . Our molecular phylogenetic analyses suggest that three subclades can be distinguished within N. dematiosa (Fig. 2) . Some subtle differences among subclades were observed specifically differences in the shape and behavior of germ tubes, mycelial growth at 25 °C on PDA, and geographic range. Mature conidia of subclade A produce almost straight germ tubes that did not grow into the agar immediately, while mature conidia of subclades B and C produced sinuate germ tubes that grew into the agar after germination (Fig. 7U-W) . The 95 % confidence intervals of mature conidial length/width ratio of subclade B were statistically different from subclades A and C (Fig. 3) . According to mycelial growth at 25 °C for 7 d on PDA, subclade B showed slower growth than subclades A and C (20-30 mm vs. 40-70 mm) (Fig. 4) .
For several reasons, we do not recognise these N. dematiosa subclades as distinct species. First of all, in subclade A the five collections from Canada, Poland and the USA contain only one specimen with the teleomorph (BPI 749337), while anamorphs on natural substrate were observed on only two specimens (BPI 749337, BPI 878308). In subclade B, there are only two specimens both collected in Canada (BPI 802212, BPI 802215) . In addition, the anamorph of BPI 802215 was not found on natural substrate. Subclade C is known only from Asia and no anamorph was observed on natural substrate (Fig. 2) . The number of samples available is relatively small and the few specimens were insufficient to determine if morphological differences exist and are constant on natural substrate. Jøgensen (1952) found morphological differences between typical N. cinnabarina and N. cinnabarina on Ribes. Jøgensen (1952) also mentioned that the fungus grew faster than N. cinnabarina from other hosts. One isolate was obtained of N. 'cinnabarina' on Ribes sp. (CBS 278.48) . In growth trials this isolate showed growth similar to that of N. dematiosa subclade A (Fig. 4) . Based on our phylogenetic analysis, this isolate falls in N. dematiosa subclade A with isolates collected on Acer pseudoplatanus and Acer sp. 5-10.0(-11.5 ) μm (n = 63), cylindrical to narrowly clavate, with an inconspicuous ring at apex, 8-spored, ascospores biseriate above, uniseriate below. Ascospores ellipsoidal to fusiform, straight, sometimes slightly curved, hyaline, (0-)1(-3)-septate, (10.5-)13.5-18.0(-22.0) × (2.5-)3.5-5.5(-8.0) μm (n = 320), smooth-walled.
Nectria nigrescens
Anamorph on natural substrata: Stromata erumpent through epidermis, pale yellow to orange, rarely reddish brown. Sporodochial conidiomata with stipe, superficial on well-developed stroma, smooth, cerebriform or tubercularoid, scattered, solitary, or 2-4 gregarious, stipitate, pustular, discoid or cylindrical-capitate, up to 250-1700 mm high, 300-1700 mm wide, white, whitish yellow to orange, sometimes brown, red or dark red; stipe white to whitish red, rarely dark red, up to 340-640 mm wide; stipe cells almost textura angularis, continuous with stroma, usually with wider cells in centre. Hymenium arising directly from textura prismatica elongating from textura angularis, up to 120 μm long, of cells 2.5-6.0 μm wide, curved margin, up to 150 μm long, of parallel hyphae 1.5-2.5 μm wide. Conidiophores monoverticillate or rarely bi-verticillate, then developing acropleurogenously for 3-7 levels, straight to curved, sometimes coiled. Phialides intercalary, occurring below each septum, or rarely terminal; intercalary phialides monophialidic, up to 3.0-5.0 μm long, 1.0-2.0 μm wide; terminal cells monophialidic, sometimes sterile, no collarettes. Conidia hyaline, narrowly long ellipsoidal to cylindrical, straight or slightly curved, (4.7-)5.5-6.9(-8.4) × (1.6-)2.1-2.7(-3.0) μm (n = 343), non-septate.
Anamorph in culture:
Optimum temperature for growth on PDA 25 °C, maximum temperature 35 °C, after 7 d colonies 70-85 mm (av. 80 mm) diam. Colony surface on PDA, radial, sometimes wavy, slightly cottony with aerial mycelium, white to whitish saffron; aerial mycelium developing only in CBS 125148, white to whitish yellow, sporodochial conidial masses produced after 2 wk; reverse white to slightly whitish yellow. Odour on PDA slightly fruity. Sporulation on SNA from lateral phialidic pegs on submerged or aerial hyphae common, 2.4-5.3 μm long, 1-1.9 μm wide near aperture. Aerial conidiophores abundantly developed on aerial hyphae, unbranched, sometimes verticillate, 1-2-branched, becoming loosely to moderately densely branched, 5.5-21.5 μm long, 2.0-3.0 μm wide at base. Conidiogenous cells monophialidic, cylindrical, slightly tapering toward tip or narrowly flask-shaped with widest point in middle, 9.5-17.0 μm long, 1.5-2.0 μm wide at base. Young conidia formed by monophialides on submerged or aerial hyphae, formed abundantly on slimy heads, non-septate, ellipsoidal, oblong to cylindrical, hyaline, smooth, straight or slightly curved with rounded ends, (3.0-)4.0-7.0(-14.5) × (1.5-)2.0-2.5(-3.5) μm (n = 250). Mature conidia swollen, mostly 0-, rarely 1-septate, ellipsoidal, oblong, or allantoid, rarely ellipsoidal with slightly constricted centre, hyaline, smooth, straight or slightly curved, rounded at both ends, germinating or budding secondary conidia on media, (5.0-)7.6-14.6(-24.3) × (2.3-)3.5-4.9(-6.6) μm (n = 180). Chlamydospores rare, globose, subglobose, broadly ellipsoidal, 0(-1)-septate, solitary or chains, 8.0-13.0 μm wide. Perithecia not produced in culture. 
DISCUSSION
Nectria cinnabarina and other species in the NCSC form a monophyletic group within Nectria, all having Tubercularia anamorphs (Fig. 1) . The molecular analyses of the NCSC resolve four phylogenetically distinct species (Fig. 2) , each of which is described and illustrated above.
The anamorph of N. cinnabarina sensu lato has been referred to as Tubercularia vulgaris. Many synonyms are known for T. vulgaris (Jøgensen 1952 , Booth 1959 , Seifert 1985 for which authentic and type specimens were examined by Seifert (1985) . Although differences exist in stipe length in the natural environment and in size and shape of conidia in culture, it is not possible to determine which synonym of T. vulgaris represents each species in the NCSC. Thus, the anamorph of N. cinnabarina is referred to as T. vulgaris, while the anamorph of other species in the NCSC is referred to as Tubercularia vulgaris-like. Seifert (1985) recognised that T. vulgaris in the natural environment had two types of sporodochia, i.e. sessile and stipitate sporodochia with marginal cells arranged in a palisade. These differences correlate with the species recognised here. Specifically, N. dematiosa has sessile sporodochia while N. asiastica, N. cinnabarina, and N. nigrescens have short to long stipitate sporodochia. Except for conidia in culture, no differences were found in other morphological characteristics of the anamorph including the number of conidiophore branches and conidial size in the natural environment. Morphological heterogeneity of conidia in culture was noted for many years (Mayr 1883 , Brefeld 1891 , Beck 1902 , Jøgensen 1952 . Beck (1902) observed conidia that were much larger than normal conidia and suggested that their size depended on the nutritional content of the media. To standardise cultural conditions, Jøgensen (1952) used a detached branch instead of artificial media. He determined that the range of conidial size was variable but not useful in distinguishing taxa within specimens identified as N. cinnabarina. By observing mature conidia on SNA, we could distinguish species in the NCSC including the subclades within N. dematiosa. Budding of mature conidia in culture was observed for N. asiatica, N. cinnabarina, and N. nigrescens, a characteristic not noted for other Nectria-like fungi.
Differences in the size of mature conidia and the shape of its germ tube can be used to distinguish the subclades in the N. dematiosa clade.
Nectria cinnabarina sensu lato has been considered a cosmopolitan species (Farr & Rossman 2010 ). This study shows that N. cinnabarina, N. nigrescens, and N. dematiosa subclades A and B are widespread on hardwood trees and woody shrubs in Europe and North America, while Nectria asiatica and N. dematiosa subclade C are known only in Asia. Nectria cinnabarina has been reported in tropical regions and the Southern Hemisphere (Cunningham 1922 , Tunstall 1923 , Booth 1977 , Debons et al. 1993 , however, none of these reports could be confirmed because of the lack of specimens and cultures.
Species of the NCSC occur on a wide range of woody shrubs and trees in many families including the Arecaceae and Pinaceae; it is occasionally reported on herbaceous hosts (Farr & Rossman 2010) . Most specimens used in this study were collected on newly killed branches suggesting that these fungi may exist as endophytes that then sporulate when the substrate dies (Wang et al. 2000) . Nectria cinnabarina sensu lato causes a disease referred to as "coral spot Nectria canker" because of the conspicuous erumpent pink sporodochia of the anamorph (Sinclair & Lyon 2005) . Trees and woody plants growing in plantations and nurseries or those damaged by frost or other causes appear to be especially susceptible. The pathogenicity of this fungus has been proven by host inoculation studies (Bedker & Blanchette 1984 , Yasuda & Izawa 2007 . Jøgensen (1952) demonstrated that N. cinnabarina was a facultative parasite and saprobe of mainly deciduous trees but was unable to correlate his results with specific hosts. Although N. cinnabarina and N. nigrescens produce chlamydospores, they are rarely found in soil. Chaverri and Samuels (2003) used a morphological species concept (John & Maggs 1997 , Kirk et al. 2008 and genealogical concordance phylogenetic species recognition (Taylor et al. 2000) to delimit Hypocrea/Trichoderma species with green ascospores. According to their species concept, each of the three subclades (A, B, and C) in N. dematiosa would be a distinct species. Even though we found that the subclades of N. dematiosa could be distinguished MorpHology and pHylogeny of Nectria ciNNebariNa by subtle anamorph characters in culture and by biogeography, we prefer not to give them names because of the small number of available specimens.
Our study clearly indicates that to define and characterise species in the N. cinnabarina species complex, an integrated approach should be used. The use of phylogenetic analyses of DNA sequences from six loci, observations and analyses of morphological characters of teleomorph and anamorph, mycelial growth, and geographical data indicates the existence of four species within the NCSC. This study will pave the way for understanding the evolutionary diversification and taxonomic implications of morphology using robust phylogenetic analyses and comprehensive character sampling.
